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O ' ABSTRACT 
(N 

^.^i Context. The origin of large-scale magnetic fields in spiral galaxies is still a theoretical riddle and better observational 

' constraints are required to make further progress. 

Aims. In order to better determine the large-scale 3D-structure of magnetic fields in spiral galaxies we present a Faraday 
rotation analysis of the edge-on spiral galaxy NGC 5775. 

Methods. Deep radio-continuum observations in total power and linear polarization were performed at 8.46 GHz with 
the VLA and the 100-m Effelsberg telescope. They were analyzed together with archival 4.86 and 1.49 GHz VLA-data. 
We thus can derive rotation measures from a comparison of three frequencies and determine the intrinsic magnetic field 
structure. 

. Results. A very extended halo is detected in NGC 5775, with magnetic field lines forming an X-shaped structure. Close 

' to the galactic disk the magnetic field is plane-parallel. The scaleheights of the radio emission esimated for NGC 5775 

\^ ' are comaprable with other galaxies. The rotation measure distribution varies smoothly on both sides along the major 

axis from positive to negative values. 

Conclusions. From the derived distribution of rotation measures and the plane-parallel intrinsic magnetic field orien- 
tation along the galactic midplane we conclude that NGC 5775 has an even axisymmetric large-scale magnetic field 
^ ' configuration in the disk as generated by an afi-dynamo which is accompanied by a quadrupolar poloidal field. The 

$—( , magnetic field lines of the plane-parallel component are pointing outwards. The observed X-shaped halo magnetic field, 

^ . however, cannot be explained by the action of the disk's mean-field dynamo alone. It is probably due to the infiuence 

' of the galactic wind together with the dynamo action. 

Key words. Galaxies:magnetic fields - Galaxies:spiral - Galaxies:individual:NGC 5775 - Radio continuum:galaxies - 
Polarization 

> ■ 

' 1. Introduction One such galaxy showing all signatures of the disk-halo 

interaction is the edge-on spiral NGC 5775. X-ray emission 

^ The large scale structure of magnetic fields in spiral galaxies from an extended halo of hot gas (Tiillmann et al [^0051 

; is a strong constraint for theories of the origin and evolution associ ated w ith a thick disk of warm ionized H+ gas (e.g. 

O ■ of cosmic magnetic fields. For external galaxies the best Rand l2000l Rossa & Dettmar |2000| and a halo of syn- 

tracer of the magnetic field is the polarized synchrotron chrotron radio-continuum (Duric et al. can be traced 

emission from cosmic ray electrons. For the understanding up to >8kpc out of the plane, 
of the large scale structure of galactic magnetic fields in 

disk galaxies the halo field is of significant importance. In The disk-halo interface in this object has been exten- 

particular in view of the dynamo models which use the disk- sively studied (e.g. Lee et al. 12002^ and in particular cor- 

H ■ halo interaction of the interstellar medium (ISM) to explain relations between the radio, Ha, and Hi spurs (CoUins et 

' the growth of magnetic fields. al. 12000} raised speculations about the role of magnetic 

Due to the origin and propagation properties of cos- fields in the propagating cosmic rays and the transport of 

mic ray electrons the halo magnetic field is best traced in ionized gas from the disk into th e halo . The inclusion of 

galaxies with strong star formation in the disk. In these magnetic reconnection (Birk et al. I1998P could also greatly 

galaxies the star formation drives the disk-halo interaction relax problems with heating and ion ization of the extrapla- 

which also allows cosmic ray electrons to escape into the nar gas (e.g. Collins & Rand|2001b|. 

halo (Dahlem et al. .2006) . The propagation of cosmic ray ___ 

electrons into the halo may in turn contribute to the growth In a previous study (Tiillmann et al. 12000]) archival 

of the magnetic field on la rge sc ales via e.g. fast dynamo VLA data at 4.86 and 1.49 GHz were used to construct 

processes (Hanasz & Lesch lMlgl) . polarization maps showing the magnetic field structure in 

NGC 5775. The radio halo of NGC 5775 is found to be sub- 
stantially polarized (polarization degree at 4.86 GHz reach- 
Send offprint requests to: M. Soida ing 20% - 30%) with observed polarization B-vectors sig- 
Correspondence to: soida@oa.uj.edu.pl nificantly inclined to the plane (Tiillmann et al. l2000p . The 
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polarized intensity was found to make an X-sliaped pattern 
extending along the direction of the observed B- vectors. 



Table 2. R.M.S. noise level (a) obtained in final total 
power and polarized intensity maps 



Table 1. Basic 
database) 



properties of NGC 5775 (from LEDA 



names 


NGC 5775 




UGC 9579 


R. A. 2000 


14''53'"57:6 


Decl.2000 


03°32'40'.'0 


type 


She 


incl. 


86° ' 


pos.angl. 


145° 


distance 


26.7 Mpc" 




1' ~ 7.8 kpc 


"Dahlem et al.|199'51 




' Irwin 1 19941 





The interpretation of these observations has severe lim- 
itations: weak polarized signal at 1.49 GHz excludes a re- 
liable determination of Faraday rotation. In this work we 
present the reanalysis of the data in the context of new 
VLA observations at 8.46 GHz, which allow us to account 
for the Faraday rotation. 

2. Observations and data reduction 

The radio observations at 4.85 GHz were already described 
in Tiillmann et al. (|2000p . New radio observations were 
made using the Very Large Array interferometer (VLA) of 
the National Radio Astronomical Observatory (NRACQ). 
The data at 8.46 GHz were collected using the most com- 
pact (D-array) configuration for the best sensitivity to ex- 
tended emission. Deep continuum observations (about 13 
hours on source) with full Stokes parameters were recorded. 
Data at other frequencies were taken from the NRAO VLA 
archive from various observation projects. A total of 10 
hours on-source time at 4.86 GHz (in D-array), and 14 and 
2.5 hours at 1.49 GHz (in D, and G-array respectively) were 
found useful for a polarimetry study. 

All interferometric data were reduced using the 
AIPS data processing package. The nearby point source 
1442-1-101 was used for phase and instrumental polarization 
calibration. The source 3C 286 was used for calibrating flux 
density scale and polarization position angle. 

Gomplementary single-dish mapping of the galaxy was 
made with the 100-m EfFelsbergj radio telescope. The 
Effelsberg A3. 6 cm (8.35 GHz) observations were made with 
a single-beam receiver in the secondary focus of the 100-m 
telescope. The receiver has two canals (RHG, LHG) with 
total-power amplifiers and an IF polarimeter. The band- 
width was 1.1 GHz, the system noise temperature about 
25 K, and the resolution 84" HPBW. 

We obtained 33 coverages in total of NGC 5775 between 
February and July 2003. Each coverage has a map size of 
18' X 18' and was scanned alternatively along R.A. and 



^ NRAO is a facility of National Science Foundation operated 
under cooperative agreement by Associated Universities Inc. 

^ Effelsberg 100-m telescope is operated by Max-Planck- 
Institut fiir Radioastronomie in Bonn (MPIfR) on behalf of the 
Max-Planck-Geselschaft. 
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Fig. 1. Total intensity map at 8.35 GHz (contours) with po- 
larization observed with the 100-m Effelsberg telescope, su- 
perimposed on the Ha image (from Tiillmann et al. |20I)D)) . 
The contour levels are (3, 5, 8, 12, 20, 30, 50) x 400/xJy/b.a. 
(r.m.s.). The vectors show the apparent B-orientation, their 
lengths are proportional to the polarized intensity (1' cor- 
responds to 1.2 mJy/b.a.). The angular resolution is 84" 
HPBW. 



Dec. directions. The scanning velocity was 30"/s and the 
grid size is 30". 

For the pointing and focusing we observed regularly 
the source 3C 286. The flux calibration was also done with 
3C286 according to the flux values of Baars et al. (|1977p . 
All coverages were combined (Emerson & Grave fT979| sepa- 
rately for the Stokes parameters I, Q, and U. The rms noise 
levels of the final maps are given in Tab. [51 

The single-dish data at 8.35 GHz were merged with 
the interferometric ones providing zero-spacing informa- 
tion, that is missing in the interferometric data alone. The 
merging was performed in the Fourier plane (AIPS task 
IMERG) with the Effelsberg map scaled in intensity to the 
VLA observing frequency, assuming a constant spectral in- 
dex of a =0.85 [Sy oc j/~"). About 3% of the total inten- 
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NGC5775 TP+PI B-vect. 4.86 GHz NGC5775 TP+PI B-vect. 1.49 GHz 
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Fig. 3. Total intensity contour map with apparent polarization B-vectors at 4.86 GHz (left) and 1.49 GHz (right). Both 
maps are superimposed on the Ha image (from Tiillmann et al. I2000p . Contours are plotted at levels (3, 5, 8, 12, 20, 
30, 50, 80, 120, 200, 300 and 500) x 10 and 60/iJy/b.a., respectively (r.m.s. levels at corresponding frequencies). Vectors 
are proportional to the polarized intensity (10" corresponds to 50/xJy/b.a.) and indicate apparent B-orientation. The 
resolution is 16" HPBW in both maps. 
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Fig. 2. Total intensity contour map with apparent 
polarization B-vectors at 8.46 GHz (combined VLA + 
Effelsberg) superimposed on the Ha image (from Tiillmann 
et al. [2UUni) . Contours are plotted at levels (3, 5, 8, 12, 20, 
30, 50, 80, 120, 200, 300 and 500) x 13AiJy/b.a. (r.m.s. level 
this frequency). Vectors are proportional to the polarized 
intensity and indicate apparent B-orientation (10" corre- 
sponds to 100/zJy/b.a.). The resolution is 16" HPBW. 

sity flux was recovered with this procedure. Complimentary 
single-dish observations were made also at 4.85 GHz using 



the 100-m Effelsberg telescope. Both single-dish and inter- 
ferometric data had the same integrated total flux and so 
no merging was performed at this frequency. 

The maps in all Stokes parameters (I, Q, and U) were 
convolved to a common beam with HPBW of 16" and com- 
bined to obtain final maps of total and polarized intensities 
and polarization magnetic angles (E- vectors rotated by 90°) 
called hereafter as "apparent magnetic field orientations" 
(in short: apparent B-orientation). 

3. Results 

3.1. Single-dish data 

The total intensity map obtained with the 100-m Effelsberg 
telescope alone at 8.35 GHz is presented in FiglT] along with 
polarization B-vectors that give the apparent magnetic field 
orientation (i.e. without correction for Faraday rotation, 
which is small at such a high frequency) projected to the sky 
plane. The intensity distribution shows a small asymmetry 
with respect to the disk plane of the galaxy, being more 
extended to the south-western side of the disk. Two exten- 
sions can be noticed on the southern and eastern side of the 
galaxy (on both sides of the disk plane) both accompanied 
by polarization magnetic vectors at an angle of about 45° 
to the plane. The apparent magnetic field orientations close 
to the disk are plane parallel along the whole radial extent 
of the disk. The 84" beam "smoothes" the disk-parallel ori- 
entation of the magnetic vectors to the north-eastern side of 
the disk plane. Further away from the disk, the vectors are 
nearly perpendicular to the disk in the western side of the 
disk plane. The gap in the distribution of the polarization 
vectors on the western part, between the two predominant 
orientations of the vectors, is clearly caused by beam depo- 
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larization: the magnetic field changes its direction by about 
90° within the large single-dish beam. 



3.2. High-resolution total intensity data 

The total intensity distributions of NGC 5775 at three 
radio wavelengths (8.46 GHz, 4.86 GHz and 1.49 GHz) 
and the corresponding apparent magnetic vectors (with 
lengths proportional to polarized intensity) are presented in 
Figs. [H& [3] overlaid on the Ha distribution (from Tiillmann 
et al. 120001) . The distribution is quite similar at all three fre- 
quencies, showing smooth maxima of emission clearly corre- 
sponding to the star-forming concentrations traced by the 
Ha emission. No evidence is seen for any violent nuclear 
activity. 

Some weak extensions in all four quadrants are seen, 
best visible in the 8.46 and 4.86 GHz maps (Fig.[2]and Fig.jH] 
left). The extensions become obvious after some median 
filtering is applied (see Fig. 5 in Tiillmann et al. I2000p . 

A very extended radio halo, which can be traced up to 
more than 1' from the galactic disk is seen in all maps. 
Assuming the distance to the galaxy of 26.7 Mpc (Dahlem 
et al. I1995P this corresponds to about 8 kpc. We want to 
stress here, that this is the extension of the halo as visible 
given by the noise-level of our observations and not the scale 
height of the radio emission, which is, of course, smaller (see 
Sect. Oil. 

Flux integrations in elliptical rings corresponding to the 
shape of the galaxy give total fiux densities of NGC 5775 
of 58 ± 3 mJy at 8.46 GHz, 96 ± 5 mJy at 4.86 GHz and 
257 ± 13 mJy at 1.49 GHz. These values fit weU a single 
power-law with a spectral index of a = 0.85 ± 0.02 (where 
5*1/ oc I'""), which is in agreement with earlier works (Duric 
et al. I1998p . As the spectrum looks a bit flattened at the 
highest frequency we estimated a mean nonthermal spectral 
index of a„t = 0.92 and, correspondingly, a mean thermal 
fraction of ~9% at 1.49 GHz, rising to ~15% at 8.46 GHz. 



3.3. High-resolution polarization data 

Figure 13] shows the polarized intensity (contours) with vec- 
tors of apparent magnetic field orientation at 8.46 GHz and 
proportional to the degree of linear polarization (and over- 
laid again on the Ha map). The contours of linearly po- 
larized intensity at 4.86 GHz are shown in FiglSJ together 
with polarization B-vectors corrected for Faraday rotation 
(see also Sect. 14.61) . The degree of polarization does not ex- 
ceed 10% close to the disk plane and reaches 40% in the 
outskirts of the galaxy. 

The extensions in the four quadrants as described in 
Sect. [3?^ are clearly visible in the polarized intensity maps, 
especially at 4.86 GHz (FigIS]) as this map has the highest 
signal-to-noise ratio. The polarized intensity seems to form 
an X-shaped structure. 

The apparent magnetic field orientation at 8.46 GHz 
(Fig. 0]) close to the galactic disk is plane parallel on the 
north-eastern side of the disk. Vectors are turning rapidly 
(within a single beam-size area) when crossing the disk 
and become almost perpendicular on the other side of the 
disk plane. Such a configuration gives rise to a narrow 
beam-depolarized canal along the south-western edge of the 
galactic disk (from R.A.: 14h53'"59''; Dec: -h03°32'00" to 
R.A.: 14'^53'°57"; Dec: -f 03°32'50"). The depolarized canal 



is even better seen at 4.86 GHz (Fig. [S]) and not seen at 
1.49 GHz due to the overall weak polarized signal at this 
frequency. 

The extensions in polarized intensity and total power 
are accompanied with vectors of apparent B-configuration 
that are also oriented at an angle of ^ 45° with respect to 
the galactic plane, forming the X-shaped structure. The co- 
incidence of polarized intensity with total power extensions 
is best visible in the higher frequency maps (Fig. [5] and 
Fig. 13] left panel) but is still indicated at the noise limit in 
the 1.49GHz map (Fig. [3] right). 

The apparent magnetic field configuration is very sim- 
ilar at 8.46GHz and 4.86 GHz (Fig. H and Fig. ^ left). 
This already allows us to conclude that Faraday effects are 
not very strong in NGC 5775 at these short wavelengths. 
At 1.49 GHz the polarized emission is detected in isolated 
patches only and if compared to the higher frequency maps 
the observed polarization orientation at this frequency is 
clearly Faraday-rotated close to the disk plane. However, in 
the outskirts of the galaxy, the apparent magnetic vectors 
even at 1.49 GHz (where detected) agree well with those 
at higher frequencies, suggesting only small Faraday effects 
there. 



NGC5775 PI + % B-vect. 8.46 GHz 




00 53 58 56 54 

RIGHT ASCENSION (J2000) 

Fig. 4. Polarized intensity contour map at 8.46 GHz with 
apparent polarization B-vectors, superimposed on the Ha 
image (from Tiillmann et al. l2000p . Contours are plotted at 
levels (3, 5, 8, 12, and 20) x 9^Jy/b.a. (r.m.s.). Vectors are 
proportional to the degree of polarization (10" corresponds 
to 10%) and show the apparent B-orientation. Only vectors 
above 3(J r.m.s. level (in both total and polarized emission) 
are shown. The resolution is 16" HPBW. 



4. Discussion 

4.1. Total power emission and vertical scale heights 

The intensity distribution of the total power along the ma- 
jor axis of the galaxy at 4.86 GHz (Fig. [31 left) is shown in 
Fig. IS] 
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NGC5775 PI + % B-vect. 4.86 GHz 
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Fig. 5. Polarized intensity contour map at 4.86 GHz with 
intrinsic (Faraday-corrected) magnetic field orientation, su- 
perimposed on the Ha image (from Tiillmann et al. I2000() . 
Contours are plotted at levels (3, 5, 8, 12, 20 and 30) x 
7/iJy/b.a. (r.m.s.). Vectors are proportional to the degree 
of polarization (10" corresponds to 10%). Vector plotting 
was suppressed below 3(t r.m.s. level (in both total and po- 
larized emission). The resolution is 16" HPBW. 
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Fig. 6. Total intensity distribution at 4.86 GHz (16" 
HPBW) along the major axis of NGC 5775. The x-axis gives 
the distance from the nucleus of the galaxy. 



The central maximum is slightly shifted to the northern 
part of the galaxy with a steep decrease further north, but 
a slower decrease with a plateau along the southern part of 
the major axis. The outermost local maxima on both sides 
of the major axis are roughly at the same distance from 
the nucleus (r = 80" or 10.7 kpc) and probably indicate 
the positions of the outer spiral arms. The observed verti- 
cal extension of the total power emission is due to the real 



disk thickness and the inclined distribution of the radial 
disk emission, smoothed by the telescope beam. In order 
to estimate the latter effect, we projected the radial total 
power distribution (Fig. to the inclination of the galaxy 
of 86° and convolved this distribution with a Gaussian func- 
tion with 16" HPBW to simulate the effect of the telescope 
beam. The HPBW of the resulting distribution is 21.3" 
which is called the effective beam size. Only the parts of 
the emission profiles perpendicular to the disk that exceed 
the effective beam size can be attributed to extra-planar 
emission. 

We determined the vertical scaleheights from emission 
profiles that were obtained by strip integration perpendic- 
ular to the major axis along 3 strips with a width of 60" 
(7.8 kpc) each, centered on the nucleus. These profiles were 
fitted with a model distribution (for details see Dumke et 
al. 1995) consisting of an intrinsic two-component exponen- 
tial profile convolved with the effective beam size. The fits 
were made separately for the emission 'above' (north = n) 
and 'below' (south = s of) the disk midplane and at all 
three wavelengths. 

The values for both the thin and thick disks in n3 are 
significantly larger than in the other strips, and also those 
in s3 deviate strongly from the values in strips 1 and 2. 
According to Tiillmann et al. (|2006p there is most likely a 
background galaxy cluster along the line of sight through 
strip n3, and possibly also along strip s3. This may infiuence 
the measured values at these positions, so that we cannot 
regard them as being scaleheights of NGC 5775. 

The results for strips 1 and 2 are summarized in Tab. [3] 
where the strip number 1 refers to a radius —90" to —30" 
and strip number 2 to —30" to 30" along the major axis 
(from south-east to north-west). 

Table 3. Vertical scale heights for the thin and thick disk 
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The averages of the scaleheights in Tab. [3] are given 
as mean with errors reflecting the variations of the scale- 
heights between the single strips. The 4.86 GHz values for 
the thin (240±30 pc) as weU for the thick disk (2.0±0.2 kpc) 
agrees within their errors with the scaleheights observed in 
four other edge-on galaxies at this wavelength (Dumke & 
Krause [T998l Heesen et al. l2009p . This sample of four galax- 
ies includes NGC 253 with the brightest known halo and a 
very high star formation rate (SFR) as well as one with the 
weakest halo, NGC 4565, with a small SFR. The star forma- 
tion in NGC 5775 is comparably strong as that of NGC 253. 
The observed scaleheight in NGC 5775 supports our previ- 
ous result that a strong star formation does not increase 
the global scaleheight of the radio emission (Krause JJXjS]). 

As shown in Tab.[3]the thin-disk vertical scaleheights as 
well as the scaleheights for the thick disk agree with each 
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other within their errors. Synchrotron losses decrease the 
vertical scale heights with increasing frequencies. On the 
other hand, the thermal fraction increases with frequency. 
The observed similarity of scaleheights at all three frequen- 
cies may be due to a superposition of both effects which 
also implies that the thermal emission is not confined to 
the thin disk. 

The analysis of the radial dependence of the scaleheight 
at one frequency of NGC 253 showed indeed (together with 
spectral aging effects) a vertical cosmic ray (CR) transport 
from the disk into the halo (Heesen et al. I2009P . There, the 
CR lifetime is dominated by synchrotron losses which de- 
pend on the magnetic field strength and is highest in the 
central region. This leads to smallest scaleheights in the 
central part and increasing values for larger radii visible 
as a dumbbell shape of the halo. This effect is also visi- 
ble in NGC 5775: stripl has larger values for the thick disk 
than strip2 (Tab. [3]). However, the smaller angular extent of 
NGC 5775 (which could not be compensated by higher an- 
gular resolution of the observations) compared to NGC 253 
and the contamination by the background galaxy cluster in 
strip3 made a further analysis impossible. 

4.2. Spectral index distribution 

The spectral index distribution was calculated using all 
three total intensity maps as a fit of a power-law spectrum 
to each point and is shown in Fig. [7] (together with po- 
larization B- vectors at 4.86 GHz). The spectrum is fiattest 
along the disk and especially on Ha concentrations (~0.5) 
and steepens smoothly (up to ~1.3) towards the outer 
boundary of the halo. The steepening seems to be slightly 
stronger towards the north-eastern boundary ('above' the 
disk) than towards the south-western boundary ('below' the 
disk) where even a slight flattening is indicated just west 
of the nucleus which coincide with extended X-ray emis- 
sion as shown in Tiillmann et al. (|2006p . Some steepening 
of the spectrum can be noticed along with all four polar- 
ized intensity extensions, which may refiect slightly faster 
synchrotron losses in the locally enhanced magnetic field 
there. 

Our spectral index map made of three frequency obser- 
vations cannot confirm the vertical structures (chimneys) 
of fiattened spectral indices as presented by Duric et al. 
(|1998p who determined the spectral index map from the 
VLA observations at 4.86 GHz and 1.49 GHz alone. This 
can hardly be due to the slightly higher angular resolution 
of their map (15" x 13") compared to our 16" HPBW map 
but, as we use a larger dataset (all available in the VLA 
archive), hence it may be artifacts in their maps. 

In order to quantify the spectral index variations we 
determined the spectral index between all 3 frequencies in 
the same 3 strips described in Sect. 14.11 The values are 
presented in Fig. [51 The spectra increase in all strips from 
the midplane with values of about a = 0.75 up to a = 1.1 
at 32 arcsec distance on both sides away from the midplane. 
Such a steepening is expected by a decrease of the thermal 
fraction from the midplane to higher z- values. Additionally, 
synchrotron losses of the nonthermal radiation are expected 
to increase with increasing distance from the midplane. As 
the highest reliable values for the spectral indices are about 
1.1 and the value for the mean nonthermal spectral 
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Fig. 7. Spectral index map calculated using all the data at 
8.46 GHz, 4.86 GHz and 1.49 GHz. Contours are of the same 
quantity, plotted at a = 0.6, 0.8 (black) and 1.0, 1.2, 1.4 
(white) levels {S^ = Sv-""). The resolution is 16" HPBW. 
Magnetic vectors proportional to the polarized intensity at 
4.86 GHz are overplotted (10" corresponds to 100 /iJy/b.a.). 



(equivalent to about 35% at 8.46 GHz), we can explain the 
spectrum flattening from the mean ant = 0.92 down to 
a = 0.75. The further steepening - up to a = 1.1 - we can 
attribute to synchrotron losses at the galactic peripheries. 
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index Unt = 0.92 (as estimated in Sect. 13. 2p . Assuming 
a thermal content in the disk of about 11% at 1.49 GHz 



Fig. 8. Spectral index distribution within three strips per- 
pendicular to the major axis: strip 1 (dashed) refers to a 
radius -90" to -30", strip 2 (full) from -30" to 30", and 
strip 3 (dotted) from 30" to 90" along the major axis (from 
south-east to north-west). 
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The spectral index distribution in strip 3 (dotted) is 
slightly shifted to positive z-values with respect to the dis- 
tributions in the two other strips. This shift seems to be 
significant as the errors are very small in the central parts. 
It may be due to the background galaxy cluster in stripS 
as discussed in Sect. 14.11 

Even in the strip integration we see an indication of a 
spectral index flattening in the central strip (full line) for 
z < —30" ('below' the disk) where the X-ray emission is 
strongest (Tiillmann et al. I2006P . 

4.3. Vertical distribution of tlie polarized intensity 

As described in Sect. 13.21 the region with the magnetic field 
plane parallel to the galactic disk is slightly shifted to the 
north-east ('upper') part of the disk (best visible in Fig. [5]). 
We wanted to test whether this asymmetry in the distri- 
bution of magnetic field orientation is also accompanied by 
an asymmetry in the distribution of the polarized inten- 
sity. Therefore we integrated also the polarized intensity at 
4.86 GHz in the same three strips parallel to the minor axis 
as described in Sect. 14.11 The result is shown in Fig. [S) 



250 



north-east with respect to the galactic midplane (see dis- 
cussion in Sect. 1461). 






z [arcsec] 

Fig. 9. Polarized intensity at 4.86 GHz averaged along 
three strips of 60" width each, perpendicular to the ma- 
jor axis: strip 1 (dashed) refers to a radius —90" to —30", 
strip 2 (full) from -30" to 30", and strip 3 (dotted) from 
30" to 90" along the major axis (from south-east to north- 
west). 

The maximum of the polarized intensity of the central 
strip (full line) is clearly shifted to positive z-values (north- 
east), the maxima in the two other strips are slightly shifted 
towards the same direction. All maxima agree in position 
with the regions of the plane-parallel magnetic field orien- 
tation. Further, all distributions of polarized intensity are 
asymmetric in shape: they show a rather strong decrease 
with increasing |z|, but have a shoulder towards negative 
z-values where the magnetic field orientation is mainly ver- 
tical to the galactic plane. 

From X-ray observations (e.g. Tiillmann et al. l2006p we 
can conclude that the north-eastern side of NGC 5775 is 
the near side, hence we see the disk slightly from 'below'. 
This can explain why we see the disk-parallel magnetic field 
which is supposed to be strongest, somewhat shifted to the 



4.4. Faraday rotation and depolarization 

The Faraday rotation measure distribution, calculated be- 
tween 8.46 GHz and 4.86 GHz, is presented in Fig. [TUl in 
gray-scales with contours - white and solid for positive val- 
ues, black and dashed for negative ones. The distribution 
was determined from data truncated at the 3 a (r.m.s.) 
levels in the polarized intensity maps resulting in a max- 
imal uncertainty at the limits of detected polarized signal 
of about lOOrad/m^. 

The overall rotation measure (RM) has values between 
±140rad/m^ and exceeds this range only in small isolated 
areas where uncertainties are substantial. Its distribution 
is well balanced among positive and negative values. This 
suggests a negligible foreground Faraday rotation at the 
position of NGC 5775. This is in agreement with measure- 
ments of, e.g., Taylor et al. ([200^ . 

There is a clear trend along the major axis: RM is nega- 
tive in the north-western and positive in the south-eastern 
half of the galaxy. Two jumps in RM distribution (close to 
position of R.A.: 14*^53^58"; Dec: -H03°32'00") are caused 
by large uncertainty of RM determination in locations with 
weak polarized intensity (compare with polarized intensity 
maps, particularly at 4.86 GHz in Fig.[S]). 



NGC5775 RM 4, 
-100 



31 45 




53 58 56 
RIGHT ASCENSION (J2000) 

Fig. 10. The Faraday rotation measure distribution deter- 
mined between 8.46 GHz and 4.86 GHz maps. Contours are 
plotted in RM intervals of 40rad/m^ ~ the dashed white 
contour corresponds to the RM value of Orad/m^. The res- 
olution is 16" HPBW. 



The Faraday depolarization was determined as the ratio 
of the polarization degree at 4.86 GHz to that at 8.46 GHz 
and is presented in Fig. [TT] The data were clipped at the So- 
level in total and polarized intensity prior to the determina- 
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tion of this this quantity. We decided to use the data at the 
two higher frequencies since the 1.49 GHz polarized emis- 
sion exceeds the cutting level only in very limited area. The 
distribution is smooth, with mean values of 60%-80%. Some 
axial symmetry is visible with higher values (less depolar- 
ization) found close to the rotation axis in agreement with 
the Faraday rotation distribution, as we expect stronger de- 
polarization where the Faraday effects (rotation and disper- 
sion) are larger. The depolarization is smallest (in absolute 
values) close to the minor axis growing in both directions 
along the major axis. Again, the area with low polarized 
signal (at about R.A.: 14h53'°58"; Dec: -H03°32'00") makes 
the depolarization very high there (low values) , but - as in 
case of RM jumps - with large uncertainties. 

As mentioned before, we inferred from the position of 
the dust lane and the X-ray distribution (Tiillmann et 
al. [2000 and I2006|) that the north-eastern side is the near 
side and the south-western is the far side of NGC5775. 
Hence, we expect that the emission along the south-western 
side of the major axis is more affected by Faraday rota- 
tion and depolarization effects than the north-eastern re- 
gion along the major axis, which may explain the observed 
asymmetry in RM and depolarization perpendicular to the 
major axis. 



NGC5775 FD 4.86/8.46 GHz 
0.2 0.4 0.6 0.8 1.0 




14 54 02 00 53 58 56 54 

RIGHT ASCENSION (12000) 



Fig. 11. Depolarization map calculated as the ratio of po- 
larization degree at 4.86 GHz to that at 8.46 GHz. Contours 
are of the same quantity, plotted at 1.0, 0.8, 0.6 (white) and 
0.4 and 0.2 (black) levels. The resolution is 16" HPBW. The 
data were clipped at the Sir level in total and polarized in- 
tensity prior to the determination of this this quantity. 



4.5. Magnetic field strength 

The magnetic field strength was calculated from the 
4.86 GHz data, assuming energy equipartition between 



cosmic-rays and magnetic fields (see Beck & Krause l^OOSp . 
We assumed a ratio of proton-to-electron energy density 
of 100. For a non-thermal spectral index in the extensions 
we assumed the value of a=l.l, which corresponds to the 
value in the spectral index map (Fig. [T]) there, and a mean 
spectral index of a„t=0.92 (as derived in Sect. 13. 2p for the 
determination close to the disk plane. Assuming an axisym- 
metric magnetic field in the disk, close to the galactic disk 
we obtained values for the total and ordered magnetic field 
of i?t = 11 ± 3/iG, Br eg = 4 ± 1 /J.G, respectively. In all 
four X-shaped extensions, we determined Bt = 6 ± 2 /iG, 
Breg = 4 ± 1 /iG. Thc total path length through the emit- 
ting volume was adopted as 20kpc through the galactic 
midplane (see Fig.[S]) and as 8kpc through the extensions. 
The magnetic field uncertainty takes into account uncer- 
tainties by a factor of two of the proton-to-electron ratio 
and the disk thickness. 

With these values, the magnetic field strength in 
NGC 5775 is c ompa rable to the field strength in NGC 253 
(Heesen et al. I2009p . which also hosts a nuclear starburst 
and strong star formation in the disk. 

4.6. Magnetic field structure 

The observed 'apparent' magnetic vectors need to be cor- 
rected for Faraday rotation in order to derive the intrin- 
sic magnetic field orientation. The Faraday rotation in 
NGC 5775 is < ±30° {\RM\ < 140rad/m2) at 4.86 GHz. 
The corrected vectors are shown in Fig. [5j The orienta- 
tions of the vectors is very similar to the observed B-vectors 
at 8.46 GHz as the Faraday rotation is almost negligible 
(< 10° for |i?Af| < 140rad/m2) at this high frequency. 

Close to the disk the magnetic orientation is plane- 
parallel. Magnetic vectors above 1 kpc from the galactic 
disk, however, are dominated by vertical components form- 
ing an X-shaped structure (Fig. [5]) as has been observed 
in several other edge-on galaxies (see e.g. Krause I2009p . 
This pattern of the magnetic field vectors (presenting the 
direction of the magnetic field component projected on the 
sky-plane) together with the smooth and symmetric distri- 
bution of the RM distribution (Fig. [TU)) as a measure of 
the magnetic field strength along the line of sight shows 
that NGC 5775 hosts an ordered large-scale magnetic field 
configuration. 

Figure [T^] shows a sketch of the two predominant com- 
ponents of the large-scale magnetic field in NGC 5775, the 
plane-parallel ASS disk field and the X-shaped halo field. 
The disk component seems to be highly asymmetric in its 
regularity. The maximum of polarized intensity is on the 
near side, shifted to the north-east and we see mostly emis- 
sion from this field component. On the far side the magnetic 
field regularity is smaller and more of the synchrotron emis- 
sion from the halo component can be seen. This situation 
is drawn in Fig. [T^l where the line thickness illustrates the 
disk field regularity. 

Such an asymmetry in magnetic field regularity is com- 
monly seen in radio polarimetric observations of interact- 
ing galaxies (e.g. NGC 4254 Chyzy et al. BIM|) . Indeed, 
NGC 5775 is known to interact with NGC 5774, a faint 
dwarf galaxy projected to the north-west of NGC 5775 
(Irwin Unni Gosh et al. ^WU^. There are two Hi bridges 
with gas transfer from NGC 5774 to NGC 5775. Optical and 
radio emission was also detected along these bridges and 
Irwin [TOMI suggested that this system may be in an early 
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stage of a merger. This was supported by a recent analysis 
of X-ray data by Gosh et al. 120091 and may explain why 
the magnetic field regularity is still high along one side of 
NGC5775. 




Fig. 12. Sketch of the large-scale magnetic field configu- 
ration in the disk and in the halo. 



4. 7. Dynamo action and galactic wind 

The optical spiral pattern in galaxies is usually trailing, and 
the magnetic field orientation is primarily parallel to the 
optical spiral arms as observed in all face-on spiral galaxies 
studied so far. If the direction of the disk rotation is known, 
one can use the RM-distribution to determine wether the 
magnetic field direction is inwards or outwards (Krause 
et al. [T989| The kinematics of NGC 5775 is weh studied 
(e.g. Irwin I1994p with the north-western side approach- 
ing and the south-eastern side receding. With the RM be- 
ing predominantly negative on the approaching side we 
can conclude that the direction of the large-scale magnetic 
field in NGC 5775 is outwards. Toge ther w ith NGC 4254 
f Chvzv [2008|) and NGC 891 fKrause l2009|) there are now 
three galaxies found with outwards directed ASS fields. 
The other four galaxies for which the direction of the ASS 
could be determined up to now (M31, IC342, NGC 253, 
and NGC 6949) were all inwards directed, which could not 
be explained up to now (Krause & Beck 1199^ . The three 
counterexamples NGC 891, NGC 4254, and NGC 5775 bal- 
ance the statistics as expected by theory which does not 
predict a preferred field direction. 

A large-scale (unidirectional) magnetic field in a disk of 
the galaxy is generally thought to be dynamo-generated, 
e.g. by the mean field afJ-dynamo. The magnetic field con- 
figuration that is most easily excited by this dynamo is 
the axisymmetric field (ASS) (e.g. Ruzmaikin et al. I1988p . 
This field configuration consists of a strong unidirectional 



toroidal component with magnetic field lines running az- 
imuthally within the disk and a weaker poloidal field with 
field lines looping perpendicularly to the azimuthal direc- 
tion. The poloidal field can either be of quadrupole (sepa- 
rate loops above and below the plane - even-type) or dipo- 
lar (odd-type) symmetry (loops across the plane). In the 
even ASS-mode the magnetic field is symmetric with re- 
spect to the galactic mid-plane (z=0) which is not the case 
for the odd mode (see Fig. 9 in Krause et al. I1989p . Hence, 
in the even mode, the direction of the ASS disk field in 
the galactic disk is equal above and below the disk plane 
whereas in the odd mode it has opposite directions on both 
sides of the mid-plane. 

For our case, the important consequence is the rotation 
measure signature for both modes, as seen in nearly edge-on 
disks. The even mode shows the antisymmetry with respect 
to the minor axis in the RM distribution and symmetry 
according to the major one. The odd mode shows antisym- 
metry with respect to both axes. As seen in Fig. [TU] and 
as discussed in Sect. 14.41 the RM distribution has a clear 
asymmetry along the galactic mid-plane and no change of 
its sign across the plane. This and the fact that the field 
lines are oriented along the mid-plane agrees with an even 
axisymmetric disk field in the disk of NGC 5775 with mag- 
netic field lines directed at the front side from south-east 
to north-west. 

The accompanying quadrupolar poloidal field of this 
even ASS field configuration in the disk alone cannot ex- 
plain the observed X-shaped field structure in NGC 5775, 
as it is - according to the mean-field dynamo theory - 
by a factor of about 10 weaker than the azimuthal disk 
field. However, model calculations of the mean-field ail- 
dynamo for a disk surrounded by a spherical halo includ- 
ing a galactic wind (Brandenburg et al. 119931 and Moss 
et al. I2010p simulated similar field configurations as the 
observed ones. Meanwhile, new MHD simulations of disk 
galaxies including a galactic wind are in progress and may 
explain the X-shaped field (Gressel et al. 120081 Hanasz et 
al.l 2009a il2C)09b). The first global galactic-scale MHD sim- 
ulations of a CR-driven dynamo give very promising results 
showing directly that magnetic flux is transported from the 
disk into the halo (Hanasz et al. I2009cp . 

Even for face-on galaxies with inclinations less than 60°, 
Braun et al. (|2010p found evidence for a large-scale halo 
field from polarization asymmetries along the major axis 
which are consistent with a quadrupolar halo field and not 
with a dipolar halo field. As a quadrupolar halo field shows 
- at least in its inner part - a similar structure as an X- 
shaped magnetic field (which is different from a dipolar halo 
field) their results for face-on galaxies fit to our findings of 
X-shaped halo fields in edge-on galaxies. 

The kinematics of ionized gas as well as the X-ray prop- 
erties (Lehnert & Heckman ll996l Tiillmann et al. 2006) sug- 
gest that NGC 5775 is even a "super-wind" galaxy. Such 
strong galactic winds from violent star formation areas 
should give rise to an almost spherical halo. 

The large scale distribution of the various gas phases 
in the halo of NGC 5775 and its large scale magnetic field 
distribution is reminiscent of other galaxies with evidence 
for star-burst driven winds such as NGC 253 (e.g. Heesen 
et al. 2009a,b) or NGC 4666 (e.g. Dahlem et al. 1997). The 
X-ray halo of NGC 5775 is well studied and its properties 
(Tiillmann et al. 2006, Li et al. 2008) corroborate the sce- 
nario for a "super- wind" from the inner disk (Strickland & 
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Stevens 2000) being present in this object. The examples 
of this class of objects mentioned above also have in com- 
mon that the large scale magnetic field orientation in the 
halo has a characteristic X-shape. The distribution of the 
synchrotron radiation and its polarization characteristics 
result from the combination of the wind affecting the cos- 
mic ray propagation and the magnetic field structure. The 
X-shaped structure of the wind results naturally from the 
centrifugal barrier of the effective galactic potential as has 
been shown by wind models for disk galaxies (e.g., Sushkov 
et al. 1998, Daha Vecchia & Schaye 2008). Unfortunately, 
all wind models so far neglect the influence of the magnetic 
field, which can only be included by full MHD simulations. 
A galactic wind may generally play an important role in 
the amplification of the large-scale magnetic field by the 
mean- field dynamo, as it may solve the helicity problem of 
dynamo action (e.g. Sur et al. I2007p . 

5. Summary and conclusions 

Deep polarized radio-continuum observations of the vio- 
lently star forming galaxy NGC 5775 at 8.46 GHz together 
with archive data at lower frequencies allow us to reveal 
its global magnetic field configuration. We determined the 
total flux densities at all frequencies which fit well a single 
power-law with a spectral index of a = 0.85 ± 0.02. 

The rotation measure distribution varies smoothly on 
both sides along the major axis from positive values in the 
south-east to negative values in the north-west. The intrin- 
sic magnetic field orientation along the galactic midplane 
is plane-parallel. From this we conclude that NGC 5775 
has an even axisymmetric (even ASS) large-scale magnetic 
field configuration in the disk as generated by an ail- 
dynamo which is accompanied by a quadrupolar poloidal 
field. Taking into account informations about rotation of 
NGC 5775 we can conclude that the radial component of 
the plane-parallel magnetic field points outwards. 

The intrinsic magnetic field pattern further away from 
the galactic plane forms an X-shaped structure as known 
from observations at lower frequency. Not only the mag- 
netic field lines are X-shaped but also the distribution of the 
polarized intensity is X-shaped. Four extensions are even 
indicated in the total power maps being accompanied with 
a small steepening of the spectral index. 

The magnetic strengths were determined to be Bt = 
12 ± 3 /LtG for the total and B^-eg = 4 ± 1 /iG for the ordered 
field in the midplane (the ASS field). The field strength in 
the X-shaped structure reaches nearly the same values with 

= 9 ± 2 /iG and Br eg = 4 ± 1 /iG. The field strength of 
the observed X-shaped halo magnetic field is by about one 
order of magnitude too high to be explained by the action 
of a mean-field dynamo alone. It may be due, however, to 
an interplay of the galactic wind in NGC 5775 together with 
dynamo action. 
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